Abstract. We report on the development of a time-of-flight (ToF) mass spectrometer with a highly efficient electrostatic ion guide for enhancing detectability in ToF mass spectrometry. This 65-cm long ion guide consists of 13 cascaded stages of Einzel lens to collect a large fraction of emitted charges over a wide emission angle and energy spread for time-of-flight measurements. Simulations show that the ion guide can collect 100% of the charges with up to 23°emission half-angle or 30% energy spread irrespective of their specific charge. We demonstrate this ion guide as applied to electrospray ion sources. Experiments performed with tungsten needle electrospraying the ionic liquid EMI-BF 4 showed that up to 80% of the emitted charges could be collected at the end of the flight tube. Flight times of monomers and dimers emitted from the needles were measured in both positive and negative emission polarities. The setup was also used to characterize the electrospray from microfabricated silicon capillary emitters and nearly 30% charges could be collected even from a 40°e mission half-angle. This setup can thus increase the fraction of charge collection for ToF measurement and spray characteristics can be obtained from a very large fraction of the emission in real time.
Introduction
T ime-of-flight (ToF) mass spectrometers are analytical instruments capable of measuring a wide spectrum of charge (q) to mass (m) ratios in real-time [1] . First developed in 1948 by Cameron and Egger [2] ToF mass spectrometers have evolved to achieve higher mass resolution and sensitivity through developments such as time-lag focusing techniques [3] , plasma and laser desorption techniques [1, 4, 5] , and tandem ToF-ToF [6] . The introduction of electrospray ionization (ESI) techniques [7] [8] [9] has significantly enhanced the capabilities of ToF-MS instruments, especially for analyzing biological macromolecules.
One of the key parameters that define efficiency of any mass spectrometry (MS) system is the transmission of emitted charges to the detector and thereby detectability [10] . In contrast to MS systems that sample spectral intensities serially, ToF can yield a complete spectrum of all detected particles with each measurement, thereby enabling analysis of dynamic systems. When combined with means to maximize the measured proportion of emitted particles [11] [12] [13] [14] [15] [16] , the completeness of each spectral measurement is improved through enhanced detectability attributable to increased signal and/or greater accommodation of anisotropic spatial spreading. Numerous applications may exploit this trait. These include uses of electrospray sources, the focus of this paper, and introduced below, and chemical analyses, such as high speed chromatography, pyrolysis, desorption, on-line analysis of gas mixtures, etc. [17, 18] . Here, fast attainment of the entire mass spectrum is important because of rapidly changing sample composition. For example, investigation of kinetics and mechanisms of thermal decomposition and production of intermediate radicals in pyrolysis poses an essential criterion of real-time monitoring of the mass-spectrum [19, 20] . Monitoring time evolution of growing bacteria [21, 22] and their temporal characteristics, especially for bioterror agents, require mass spectra within minutes [23] for clinical and environmental applications. For high-speed ion-imaging applications, an entire mass spectrum is required from each pixel, and imaging an entire object requires very fast acquirement of the entire spectra [24] .
Apart from ionization technique in ToF-MS, electrospray has gained significant importance in the field of spacecraft propulsion [25, 26] and focused ion beam applications [27, 28] . In the cited applications, and in particular when spraying ionic liquids (ILs), ES source often are operated close to a transition region between emission of droplets and direct field evaporation of much less massive ions with significant variations on performance due to each species. Also, over the life of the source, the spray properties from IL sources can vary over time due to electrochemical reactions [29] or due to instantaneous formation and annihilation of Taylor cones [30, 31] . By providing a real-time capture of all particles detected over a wide range of species mass comprising individual ions and droplets, ToF-MS is therefore a logical and ideal method for analyzing ES designed for propulsion and focused ion beam (FIB) applications. Depending on the emitter type, the emission from such IL source can take place with a half-angle up to 40° [32] . Furthermore, evidence exists for localized angular zones of ion and droplet emission [11, 33, 34] with higher q/m components usually away from the axis of emission. Beam energies are also known to spread by up to 10% about nominal with additional secondary energy peaks spread over a much wider range [35, 36] . These features pose an additional requirement of capturing entire mass spectra from a wide emission angle and energy range on the ToF-MS for characterizing such IL sources. To accommodate a wide angle and energy range over a 10-100-cm long flight tube is a challenge, particularly when the emitted current is low (nA-μA range). This research seeks to improve detectability of ToF-MS for these applications by enhancing the accommodation for angular spreading and energy distributions at each measurement.
ToF measurements on IL ES sources often are performed only on the center portion of the beam [11, 27] . Angleresolved ToF spectrometry, in which the relative angle between the emitter and the detector [37] or the distance between the emitter and the detector is changed [38] , has also been reported; however, capturing a wider fraction of emission is beneficial because this gives real time mass spectra over the entire emission cross-section at once. One way to collect a large fraction of the emission is using a large detector [34, 38, 39] ; alternatively, Einzel lenses focus charges over a certain angle and energy range on the detector by electrostatic deflection [12] [13] [14] [15] [16] , which allows for a reduced compromise between sizing [21] and detectability [10] .
In addition to increasing ion transmission to the detector for ToF measurement, Einzel lenses are also used in ILbased FIB techniques for increasing spot intensity after allowing ions through a narrow aperture [27, 28] . The required focal length of a single-stage three-electrode lens can be achieved by using mechanically optimized dimensions and shapes of the electrodes and/or by varying the focusing potential [40] . However, for diagnostics over wide and arbitrary emission angle and energy spread, as in the case of IL sources, aberrations [12, 40] (both spherical and chromatic aberration) are a problem, resulting in significant reduction in detected signal. Aberration can be reduced by using axially asymmetric three-electrode lenses [12, 40, 41] , however, achieving minimum spherical aberration in tandem with minimum chromatic aberration is difficult. In other words, if mono-energetic charges at different angles are focused on a detector, charges with different energies emerging at the same angle are defocused. Use of singlestage asymmetric Einzel lenses in MS applications has been reported in literature [12, 16] . However, optimum performance of a single lens is achieved at low focal lengths, most suitable for field emission guns [41, 42] . The different lens geometries reported in [41] achieve minimum spherical aberration at focal lengths much shorter than that required in ToF measurements, and increasing the focal length drastically increases aberration. For example, in [12] , the asymmetric Einzel lens could only focus up to an emission half-angle of 13°and only up to 13% of the emission current from pulled silica capillary electrospray emitters was available for ToF measurement.
In this paper, we report on development of a ToF-MS with an electrostatic ion guide that can collect all charges within nearly 23°emission half-angle and with broad energy spread from ionic liquid electrospray emitters within a particular range of lens voltage. This ion guide is comprised of 13 stages of three-element symmetric lens all along the length of the flight tube to guide the charges to a Faraday cup detector of 1-cm diameter placed at 65-cm distance from the source for ToF measurements. The idea of the ion guide stems from the use of multi-stage lenses in different configurations to guide ions through the drift tube [40, 43] . In principle, this ion guide compensates for over-focusing or under-focusing in every stage for different energies and angles and thus increases the fraction of charges collected, similar to the ion guide reported in [44, 45] for an ion mobility mass spectrometry (MS). Each stage focuses the charges within the length of the next stage and, thus, along the tube length, keeps the charges close to the axis of the tube. Using an electron amplifier [12] instead of a Faraday cup can increase the detected signal significantly, but since the purpose of this work is to increase detectability using the ion guide, a Faraday cup has been utilized to capture the real detected current for ToF measurements.
Due to deceleration and acceleration at each stage, the ion guide increases the flight time of the charges, which is equivalent to having a longer flight tube without compromising on detectability. However, this effect does present a limitation of the device because of non-uniform increases in flight time over emission angle. Flight time non-uniformity corresponds to a reduction in q/m sensitivity and, hence, the benefits of enhanced detectability and longer flight times must be traded against this limitation. This characteristic is explored through simulations and experiments below.
The performance of our setup was first characterized with electrochemically etched tungsten needles, which provide nearly mono-energetic emission in pure ionic mode with the ionic liquid EMI-BF 4 . Measurement of fraction of charges collected and ToF were performed in positive and negative polarities of emission from the needles, and the results are consistent with the simulation results. Subsequently, the validated ion guide was applied to characterization of microfabricated capillary emitters operating in the mixed ion/droplet regime [39, 46] .
ToF-MS System and Ion Guide Design
The ion guide we report upon here can be dimensioned for any beam energy, q/m ratio, and other constraints such as readout electronics. We show here the reasoning behind our choice of lens dimensions for use with ionic liquid electrospray sources based on externally wetted tungsten needle emitters and on microfabricated capillary emitters. The needles have been previously reported to emit 100-200 nA nearly mono-energetic pure ions within 15-20°half-angle from ionic liquid EMI-BF 4 , when operated at emission voltage V em~1 .5 kV [47] . The capillary emitters have been previously reported to emit 1-2 μA mixed ion/droplet with nearly 40 o half-angle operating at V em~1 kV [32] . The emission from EMI-BF 4 can contain the charge species as shown in Table 1 depending on the emitter configuration.
The kinetic energy of the emitted charges is given by (ignoring for this initial analysis the energy spread and emission energy losses)
where v is the speed of the charge. For a flight length L, the flight time is
If no focusing system is used, there is a trade-off between: (1) the fraction of emitted beam that can be collected with a small Faraday cup detector, and (2) the ToF, which must be at least a few μs for accurate detection by fast amplifiers. If the detector is placed close to the emitter, it can collect a significant fraction of the emitted charges, but the flight time is very low, requiring very high bandwidth of the current detection circuit. On the other hand, placing the detector far away would increase the flight time; however, the low collected currents on the Faraday cup detector would lead to an unacceptably small signal-to-noise ratio, even when state-of-the-art high bandwidth trans-impedance amplifiers are used.
Dimensions of the ToF MS Flight Tube The minimum flight time (i.e., minimum tube length) is in part set by the speed of the trans-impedance amplifier at the output of the Faraday cup. We take into consideration the trans-impedance gain of a commercial state-of-the-art FEMTO DHPCA100 current amplifier [48] . A gain setting of at least 10 6 V/A would be required to convert 100 nA current into a measurable 100 mV output. This would lead to a bandwidth of 1.8 MHz [48] of the current amplifier. Therefore, the flight time of the fastest ions should be no less than 10 μs. As discussed, we use a maximum voltage ±2 kV and the corresponding flight time of the fastest ions BF 4 -would be 10 μs for a flight tube length L~65-cm. For other emitted species in Table 1 , the flight time would be longer. Our ion guide is made with commercially (Kimball Physics [49] ) available square plates of size 5 cm (7 cm diagonal). On the basis of these criteria, a 65-cm long flight tube is chosen, which has a 7-cm inner diameter.
Ion Guide Design and Performance Simulation In this section, we provide the simulated performance of the ion guide in terms of its charge collection capabilities and ToF for emission having angular and energy spread. Since each stage of the ion guide focuses the charges within the length of the next stage, this gives us the flexibility of using symmetric lens stages with commercially available dimensions [49] for modularity and speed of assembly and yet giving high transmission over wide emission half-angle and energy. The central electrode of each stage is a hollow cylinder at the focusing voltage V lens and the other two are grounded electrodes made of square plates with circular openings. Simulations of ion trajectory have been performed in SIMION ion simulator (ver. 8.0) with different values of V lens and V em , for the available lengths l and diameters d of the cylinders [49] and the openings of the grounded plates. The distance between the electrodes is taken as 3-mm, considering the practical aspects of alignment and wiring. The emitter, considered as a point source, is 6-mm in front of the first ground electrode so that a gate electrode can later be inserted in between for ToF measurements. For different lens geometries, the focusing capabilities are independent of the q/m ratio of the charges and depend only on the ratio V lens /V em . For different single-stage symmetric Einzel lens configurations, as shown in Figure 1a , the maximum emission half-angle up to which 100% of the emitted charges can be collected on the 1-cm diameter detector are simulated first assuming uniform charge density over the emission half-angle. Then, with this first-stage, the other stages of the ion guide have been optimized for maximum collection. The final dimensions of the ion guide are given in Table 2 . In Figure 2a , the maximum emission half-angle up to which all of the emitted mono-energetic charges can be collected on the detector using the ion guide and the firststage only have been plotted against the ratio V lens /V em . As seen from the ion trajectories in Figure 1b and from the plots in Figure 2a , the first-stage Einzel lens alone focuses mono-energetic charges within up to 9°to the collector. In contrast, the ion guide can collect all monoenergetic charges within θ em =23°half-angle. Also, as V em is a measure of the kinetic energy of the emitted particles, it can be inferred from the broad maxima in the plot that charges with nearly 30% spread of initial kinetic energy within 15°half-angle can also be collected for a given optimum lens voltage. This would mean that for an externally wetted needle emitter, the ion guide can collect all charges. For capillary emitters, which have beam halfangles up to 40°, 25% for mono-energetic charges are collected. For ions confined within 10°, up to 30% energy spread can be accommodated from the capillary emitters. However, since the beam is actually concentrated near the axis [47, 32] , not uniformly distributed in the beam crosssection, the energy band and fraction of charge collection can be higher. With an optimized asymmetric single-stage as in [41] , the collected fraction of the first-stage and the ion guide is expected to be even higher.
Increase in Time of Flight in the Ion Guide The ion guide leads to an increase in the flight time of the charges compared to the value obtained from (2) . In a single-stage lens, the change in average speed of the particles is typically negligible since the deceleration and acceleration take place only within the length of the lens, which is much smaller than the total length of the flight tube. This is not the case for the long ion guide. In every stage of the ion guide, the charges are decelerated and then accelerated back to nearly their initial speed and as a result the average axial speed of the charges is lower than the initial speed. In order to quantify the change in flight time due to the ion guide, a ToF correction factor, which depends on the lens voltage, is defined in Equation 3 as:
This allows the correct q/m to be evaluated from the measured ToF. Simulations performed at different combinations of V em and V lens show that this ToF correction factor is a function of the ratio V lens /V em as plotted in Figure 2b . This factor is independent of the q/m of the charges and the length of the flight tube as long as their kinetic energy is qV em . The ToF of the charges along the axis increases from the value given by (2) by a factor of nearly three as the V lens /V em ratio increases from 0 to 1. This implies that the effective length of the flight tube is increased by the same factor without actually increasing the size of the flight tube.
As shown in Figure 2b , the differences in ToF correction factor at different angles leads to a longer flight time for charges emitted at higher angle than those along the axis. , 285 u, −1 e] have a ToF 80% longer than that of the monomer, the two ion species can easily be identified. As discussed in the Introduction, this spread in flight time and, therefore, a reduction in q/m resolution must be traded against the improved detectability achieved through capturing a greater fraction of the beam current. The ion guide could be employed in tandem with a variable iris near the source to enable selection between an emphasis on detectability, through admitting a large beam angle, or resolution, when restricting transmission to near-axis charges.
Experimental Setup
The ToF-MS setup consists of (1) a charged particle source (in our case an electrospray emitter assembly), (2) the electrostatic gate, (3) the ion guide, (4) a Faraday cup in a vacuum chamber with a 65-cm long flight tube, and (5) drive electronics.
The Needle Ion Emitter and Its Assembly
The needle emitters are fabricated from 3-cm long and 0.5-mm diameter tungsten wires using an electrochemical process as described in [47, 50] (see Supplementary Figure S1 for SEM image). The needle is mounted on a 6-mm thick polyoxymethylene (POM) plate, cut to 5-cm side square shape with 0.5-mm diameter hole at the center to mount the needle. A stainless steel plate with 1-mm diameter circular hole at the center is used as the extractor electrode and the needle is aligned to the extractor aperture using an optical microscope. A tungsten wire loop is created nearly 5-mm beneath the tip of the needle so that a reservoir drop of ionic liquid can be sustained there due to capillarity and can externally wet the sharp tip of the needle with the ionic liquid.
The Ion-Guide and the ToF Measurement Chamber The experimental setup consists of a 15-cm cubic vacuum chamber with a 65-cm long, 7-cm diameter flight tube as shown in Figure 3a . The ion guide, as shown in Figure 3b , slides through the tube and is aligned with the axis of the tube with the grounded square plates in the ion guide assembly. The edges of the square metallic plates holding the high voltage (V lens ) cylindrical electrodes are cut to a round shape in order to avoid electrical contact with the body of the tube. On the side of the ion guide that goes inside the cubic vacuum chamber, the emitter assembly is attached and aligned to it using alumina tubes. A gate electrode, made of a 5-cm square stainless steel plate and a circular central opening with a metallic grid with 85% optical transparency, is also placed between the emitter and the ion guide, each separated from the other by 3-mm. On the other side of the ion guide, a Faraday cup with diameter 10-mm is attached and aligned in the same way. The vacuum chamber is pumped by an Edwards WRG-S pumping station. All experiments are performed with an indicated vacuum pressure less than 10 −4 mbar.
Electronic Setup
The high voltage positive and negative power supplies for the emitter are implemented using EMCO CA20P and CA20N DC-DC converters [51] . For the ion guide EMCO H30P and H30N DC-DC converters are used [51] . Two AD210 isolation amplifiers [52] with selectable gain settings are used to measure the emitter current directly at the emitter power supplies. For fast switching of the gate signal, a PVX-4140 high-speed pulse generator [53] is used, along with another pair of EMCO Hseries ±3 kV power supplies. The detected current from the Faraday cup is fed to a FEMTO DHPCA100 trans-impedance amplifier in 'low noise' configuration [48] with a gain 10 6 V/A and bandwidth 1.8 MHz with a 50 Ω termination. The control signals for the experiments are generated using a 16-channel analog output system from National Instruments (Ennetbaden, Switzerland). All the signals are recorded using a 16-channel analog input system from National Instruments. The output of the trans-impedance amplifier is monitored using an oscilloscope for ToF measurements and using the analog input channel for measurements of collected fraction of current. All signal generation and monitoring are controlled using Matlab (ver. 7.9).
Experimental ToF and Charge Collection Data with Needle Ion Sources
To identify the desired operating conditions, we first measure the I-V relation of the emitters, recording the emitted current from the needles while sweeping the emitter voltage from 1000 V to 2000 V in 5 V step in both polarities, with no beam focusing and the ToF gate grounded. Emission sets in at around ±1300 V and the average current increases to nearly 95 nA for positive polarity and −63 nA for negative polarity as the voltage increases to ±2 kV. Stable operation (non-pulsating beam) is observed above ±1400 V (see Supplementary Figure S2 for I-V results).
Fraction of Charges Collected with the Ion Guide from the Needles Since stable emission is achieved beyond ±1400 V in both polarities, experiments have been performed for emitter voltages higher than this value. The emitter voltage V em is set to different fixed values and the voltage to the ion guide, V lens , is varied from 0 to 1.1×V em in 51 steps for each V em . At each step, the emitted and the detected current are recorded for 1 s with 100 samples/s sampling rate and averaged. In Figure 4a , and b, the fraction of collected charges for three different emitter voltages in both polarities are shown as a function of the V lens /V em ratio. The data have been corrected to account for the 85% optical transmission fraction of the ToF gate installed during the measurements. Simulations of the fraction of collected charges for mono-energetic emission (with kinetic energy=qV em ) has been performed assuming a beam shape reported for needles in [47] and are shown in the same figures.
The measured fraction of detected current reaches 80% for positive polarity at V em =1450 V when the focusing voltage is set to V lens =0.6×V em . Similar values are measured for negative polarity of emission. The collection fraction reaches a value between 40% and 80% with V lens /V em set between 0.6 and 0.9. This implies that if the lens voltage is fixed to a value equal to 0.6×V em , the ion guide can collect charges with kinetic energy spread of nearly 30%. The experimental plots of collected current follow the simulation results quite well. The maximum collection fraction is in the similar range as obtained in [50, 54] using large metallic plate to collect current in a large vacuum chamber, and nearly seven times higher than that obtained in [12] with a single-stage lens within similar angular spread.
The collection fraction, although high, does not reach the simulated value of 100%. It is also observed that the range of lens voltage, for which maximum current is detected, is shifted by nearly V lens /V em =0.15 from the simulation results and is a little broader. Within the range V lens /V em =0.6 to 0.9, the experimentally observed collected fraction reduces as V lens is increased. One possible explanation for these differences is simply practical imperfections of the entire system, such as misalignment and the electric field due to wiring. The spray divergence in our experiments may also be larger than that assumed in the simulation, especially at emission voltages where the detected current is lower. It is also possible that as in [30] , emission occurs at a non-zero angle to the ion guide axis and, therefore, all the emitted charges may not enter the ion guide.
In negative polarity (Figure 4b ), the measured fraction increases quite sharply between V lens /V em =0 and V lens /V em = 0.1, a feature not found in the simulations, which were performed assuming only mono-energetic emission with kinetic energy qV em . However, the emitted ions can fragment during flight (e.g., dimers into monomers), which leads to monomers with kinetic energy lower than the emission kinetic energy of the dimers and, as a result, higher fraction of current can be collected at lower lens voltages. This might be another cause for the spread in the Figure 4 beyond the simulation range.
Time of Flight Data for Ion Guide Systems with Needle Ion Emitters
The flight time of the ions was recorded at three different values of V em in both polarities of operation while varying the lens voltage V lens . The gate signal is triggered at time t=0 with a fall-time of G100 ns. Monomers and dimers are observed in the traces in both polarities and their flight times are recorded. The observed spread is within 20% at all lens voltages as estimated from the simulated effect of the ion guide accepting wide emission angles. Referring to Figure 2b , flight times are expected to increase at wider angles. We have, therefore, selected the minimum flight time, corresponding to the beginning of each species step in the ToF trace, in comparing against the 0°simulations discussed below.
In Figure 5 , the measured flight time of the monomers and dimers are plotted against the lens voltage for fixed emitter voltages. The simulation results based on (2) and ToF correction factor for the corresponding situations for θ em =0°are also shown on the same figures for comparison. The experimental results are in excellent agreement with the simulations for monomers and dimers of both polarities, showing that the ion guide can be used to greatly increase the collected current, while allowing accurate ToF acquisition (the requirements on the trans-impedance amplifier are greatly relaxed compared with the case of a single Einzel lens since the current values are much higher, thus allowing lower gain).
Experimental Results Using Microfabricated Capillary Emitters
After characterizing the ToF system and the ion guide for needle emitters, the system was used for spray characterization of capillary-fed internally wetted microfabricated emitters, such as the one shown in [32, 55] (see Supplementary Figure S3 for SEM image). A microfabricated reservoir, created just beneath the capillary emitter, is first filled with ionic liquid and the liquid then reaches the tip of the emitter by capillary process. The extraction voltage is then applied. We have previously observed that these devices emit currents of up ±2 μA [35, 55] , in mixed iondroplet mode with emission half-angle of 40° [32] at operating voltages between ±700 V and 1000 V. Retarding potential analysis (RPA) of these devices has previously shown that the kinetic energy of emission can have nearly 10% deficit from the applied emitter potential V em [35, 36] . There can also be secondary peaks [35, 36] corresponding to ion defragmentation in which dimers can break into neutral molecules and a monomers during their flight and share the kinetic energy according to the ratio of their masses. We, therefore, expect the fraction of charge collection to be lower for these capillary emitters than that for the needle emitters. In Figure 6a , the fraction of current collected for different negative emitter voltages (for positive emission polarities, see Supplementary Figure S4 ) is shown for a capillary emitter with 10 μm inner diameter with 150 μm diameter extractor. Simulations have also been performed assuming a beam-shape similar to that reported in [32] and equal fraction of charges at two different kinetic energies given by Equations 4 and 5:
where m x denotes the mass of the ion x. The simulated fraction values based on these assumptions are plotted in the same figures for comparison. It is found from the experi- The simulations were performed assuming mono-energetic emission with kinetic energy = qV em and the beam-shape reported in [47] ments that the collected current reaches maximum value of nearly 20%−30% at values of V lens corresponding to the two kinetic energies, very close to the simulated values shown in the figure. However, the experimental range with high collection fraction is broader than that obtained from simulations of a beam equally proportioned between energies (K.E.) 1 and (K.E.) 2 . The simulations were performed assuming only two discrete energies and further kinetic energy spreading had not been taken into account for simplicity. Also, the emission from capillary emitters has been previously reported to comprise of significant proportion of droplets [35, 39, 46] with kinetic energies distributed over a wide range. These droplets are collected for different lens voltages leading to the spread in the experimentally observed collection range. For the case of tungsten needles, the lack of a distinct low energy peak suggests that defragmentation was not as significant as in case of the capillary emitters. Furthermore, the assumptions of purely ionic and mono-energetic emission are consistent with the observations of low current collection at low V lens . ToF measurements were performed on the capillary emitters for different V em with V lens =0.7×V em to ensure high fraction of charge collection. This leads to a ToF correction factor of 1.5. In Figure 6b , the ToF of the BF 4 -ions is plotted against V em for V lens =0.7×V em . The simulated ToF values, based on ToF correction factor=1.5 and kinetic energy=(K.E.) 1 =0.9×qV em for this case are also shown in the same figure. The results match within 4.5%. The difference may be due to uncertainty of measurement from the spreading ToF traces and energy spread of the emitted species.
Conclusions
In this paper, we report the development of a time-of-flight mass spectrometer system that incorporates an ion guide covering the full length of the flight tube. The ion guide allows collecting at the Faraday cup charge from electrospray sources that emit with large beam half-angles and with wide energy spread. Our simulation shows that the ion guide is capable of collecting all mono-energetic charges emitted within a 23°half angle about its axis and can collect all charges with 30% energy spread even with a nearly 15°h alf-angle. The ion guide can compensate for under-focused or over-focused charges, which are otherwise not collected using single-lens systems. We first characterized the fraction of charge collection of the electrostatic ion guide with nearly mono-energetic ion beams from the ionic liquid EMI-BF 4 emitted from externally wetted tungsten needles and observed that 80% of the emitted charges can be detected for ToF measurements. The system was then used to characterize the spray behavior of microfabricated capillary emitters spraying droplets and ions from the ionic liquid and nearly 30% of the charges could be collected despite the large emission half-angle of over 40°. This allows characterizing the spray behavior over a large emission divergence of the emitted charges and is, thus, potentially capable of providing spray information from a large fraction of the emission. We note that this benefit must be traded against a reduction in q/m sensitivity due to flight time variations by up to 20% over beam angle.
ToF measurements have been performed on pure ion beams as well as on mixed-mode electrospray (ions/droplet emission) and in both cases the measured ToF matched the predicted dependence on the focusing voltage very closely, showing the ion guide allows for accurate ToF timing acquisition, while collecting many times more current than could be possible with an Einzel lens. This means (1) the gain and speed requirements of the trans-impedance amplifier can be greatly relaxed, (2) a smaller Faraday cup and, hence, much smaller diameter flight tube can be used, and (3) a wider part of the beam can be collected, allowing a more complete characterization of the emitted species (not just the center of the beam).
Since the ion guide covers the full length of the flight tube, the collected charge is expected to be independent of the length of the flight tube and can be applied to many different ToF measurement configurations. The up to three times increase in flight time obtained by increasing the lens voltage can be a means of increasing the detectability without increasing the actual length of the flight tube.
